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MODELING OF CONTAMINANT 
TRANSPORT IN ON-SITE WASTE 
DISPOSAL SYSTEMS
T. BUNSRI, H. DHARMAPPA AND M. SIVAKUMAR
School o f  Civil, Mining and Environmental Engineering, University o f  
Wollongong, New South Wales, 2522, Australia
SUMMARY: One of the most common problems of septic systems is poor drainage in the field. 
Septic systems release number of organic contaminants that cause groundwater pollution, 
especially organic substances, nutrients and pathogenic microorganisms. However, there are 
mechanisms that operate between soil and contaminants, which can purify the septic tank 
effluent. Below the drainage field, soil is separated into two zones; unsaturated and saturated 
zone, which provide the water movement mainly in vertical and horizontal direction, 
respectively. The purpose of this paper is to develop a conceptual model and to define governing 
equations for the transport of septic tank effluent in the vadose zone. Using the concept of mass 
balance and chemical kinetic equations, the governing equations have been derived.
1. INTRODUCTION
A septic system is the one of the simplest methods of treatment for domestic wastewater. There 
are two major parts in septic systems: the septic tank and the drainage field. The septic tank is 
designed to treat the domestic wastewater with short retention time, and then discharge the 
effluent via the drainage field. Septic systems produce relatively poor quality effluent, which 
contains high concentration of organic carbon, nutrients and pathogenic microorganisms, and 
hence cause groundwater pollution. When sites are selected for effluent disposal, the drainage 
fields should be located in the area that has low water table and highly soil permeability. 
Therefore, the septic tank’s effluent can be a major source of pollution for water and soil, which 
can adversely impact the environment and hence human health.
Soil contains various constituents, such as minerals; organic substances and microbes; each 
one of them can retard or transform the contaminants. There are three processes governing 
contaminants migration, namely, advection, dispersion and retardation. Advection and dispersion 
stimulate contaminant movement, whereas retardation prohibits contaminant movement. The 
migration and retardation of contaminants are shown in Figure 1. As the soil characteristics can 
vary widely, modeling of contaminant transport through soil is both complex and challenging. 
This study investigates the fate of pollutants discharged by the septic systems. The conceptual 
model is established to explain the overall mechanisms that take place in the drainage field.
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Figure 1 Migration and retardation of contaminants (Cyuk et. al., 2001)
2. CONCEPTUAL MODEL
The conceptual model for septic tank contaminant transport, accumulation and removal can be 
simply illustrated in Figure 2 and the mechanisms and equations for biodegradation and 
retardation are provided in Table 1.
Septic tank effluent
Ground w ater flow direction
SATURATED ZONE














+ Biodegradation + Desorption/ Dissolution
Figure 2 Conceptual Model
The conceptual model consists of two parts: contaminant transportation and reaction. 
However, the water movement in field condition is certainly not uniform and the migration of 
contaminants will be driven by advection and dispersion. There are three major reactions in the 
system: biodegradation, adsorption/desorption and chemical precipitation/dissolution.
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Table 1- The details of biodegradation/retardation mechanisms in unsaturated and saturated 
zone.










4 N 0 3- + 5CH20  + 4H+ -» 2N2 + 5 C 0 2 + 7H20
Phos Unsaturated zone:
phorus Metal precipitation/ 
adsorption*
Fe3+ + H2P 0 4' + 2H20  O  F eP04-  2H20  + 2H+(pH 4.5- 5) 
3Fe2+ + 2 P 0 43' + 8H20  O  Fe3(P 0 4)2*8H20  (pH 4.5- 5) 
Al3+ + H2P 0 4‘ + 2H20  »  A1P04» 2H20  + 2H+ (pH 4.5- 5) 








Fe3+ + H2P 0 4‘ + 2H20  »  F eP04» 2H20  + 2H+(pH 4.5- 5) 
3Fe2+ + 2 P 0 43' + 8H20  O  Fe3(P 0 4)2«8H20  (pH 4.5- 5) 
Al3+ + H2P 0 4‘ + 2H20  O  A1P04» 2H20  + 2H+(pH 4.5- 5) 








c h 2o  + o 2 -> co2 + h 2o







8CH20 + 3 0 2+NH3^ C 5H7N 0 2**+3C 02+6H20




Note * A number o f phosphate minerals are thermodynamically stable in groundwater environments, particularly those 
associated with the metal cations Fe2+>Fe3+>Al3+>Ca2+, respectively (Robertson 1995).
** The biomass chemical formula.
The following assumptions are made during the development of the conceptual model;
(1) Soil texture in porous medium is homogeneous and incompressible.
(2) There is no rainfall effect, and the level of groundwater table is constant, so that there is no 
smearing of contaminants.
(3) Soil contains the mixed culture microbes and all microbes are activated and acclimated 
with contaminants.
(4) All chemical interactions are sufficiently fast so that the chemical equilibrium assumptions 
are valid.
A variety o f mathematical models are available in the literature to study contaminant 
behaviour in the saturated and unsaturated porous media. A brief review is undertaken and is 
shown in Table 2. It appears that none of these models that can be applied directly to the septic 
tank contaminant transport, especially microorganism transport. Therefore, there is a need to 
develop governing equations that will fully describe the transport of septic effluent in soils.
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Table-2 Summary of the popular contaminant transport models available in the literature.
Models M onitored contaminants Soil Dimensions Numerical References
N P Org.
C








FEFLOW Yes Yes Yes No Heat Unsaturated/
saturated
2D/3D 2D/3D FE http://www.waterloohy
drogeologic.com
FEM W ATER No No No No Salinity Saturated/un
saturated
3D No FE http://www.ems-
i.com/GMS/gms.html




No No No No NAPL Unsaturated 3D 3D FD http://www.waterloohy
drogeologic.com
M ODPATH No No No No Particles
tracking
Saturated 3D No FD http://www.ems-
i.com/GMS/gms.html
MT3DMS No No Yes No N/A° Unsaturated/
saturated
3D 3D FD http://www.ems-
i.com/GMS/gms.html




Saturated 3D 3D FD http://www.ems-
i.com/GMS/gms.html
SEAM3D No No Yes No Hydro­
carbon
Saturated 3D 3D FD http://www.ems-
i.com/GMS/gms.html










No No Yes No VOC / 
Pesticides
Unsaturated ID ID FD http://www.waterloohy
drogeologic.com
Note * M O is microorganism.
+ FE/FD are Finite Element M ethod/Finite Difference Method. 
0 N/A is not applicable.
3. GOVERNING EQUATIONS
3.1 Flow of water in variably saturated soil condition
The governing equation for variably saturated groundwater flow in one-dimensional, non 






+ 1 = M dy/
dt
( 1)
where K  is the saturated hydraulic conductivity (L/T), knv is the relative permeability, y/ is 
the pressure head (L) and xf is the water movement in horizontal (x) and vertical (z) direction. 
The specific moisture capacity (M) is defined as the changing of volumetric content over the
30changing of pressure head ( ——) and 9W is the volumetric moisture content ( 0W = 9sSw), 6S is the
dy/
saturated moisture content, Sw is the degree of saturation .
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3.2 Porous medium solute transport
3.2.1 Variably saturated condition
The mass balance equation of a contaminant in a variably saturated soil condition is presented in 
equation (2) (MacQuarries and Sudicky 2001). Each term o f this equation refers to the 
retardation, advection, dispersion, biodegradation and source/sink term respectively.
d(dwc : +dgc%+Pbcsn) d d
dt dz n dz 0wDn
dCw 8C8w°^+0> D 8^  
dz 8 " dz
+ A,,(cw,x)-rn=o (2)
where C„ ,Cf and Cf, are the concentration (M/L3) in aqueous, gaseous and solid phase, 
respectively, t is time (T), 9g is the volumetric air content ( ffg = Qs -  0W), pb is the porous medium
bulk density (M solids/L3 medium), qt is Darcy’s velocity ( q. =-Kkr d(i// + z)
dx.
) (L/T), km is the
relative permeability of medium, y/ is the pressure head (L), Dn is dispersion coefficient (L2/T), 
An [cw, X j and r„ arc biodegradation and the rate of solute mass transfer to porous medium 
from liquid (source/sink terms), respectively. The source/sink term is given by (Huyakom et. al.,
1985):
\ = Q ( c f - c : ) (3)
where Q is the volumetric flow rate of fluid per unit volume of porous media (1/T) and C"’° is 
the initial concentration of dissolved species (M/L3).
3.2.2 Saturated condition
When soil pores are fully saturated with water, the gaseous bubble will be released from soil 
pores. Similarly, dissolubility o f contaminants also increases, and subsequently precipitation and 
adsorption difficulty occurs. Equation 2 can now be modified for fully saturated condition for the 
aqueous transport as (MacQuarrie et. al., 1990):
dC? , 3 (* C ) d
dt dx dx
Dl dCw’ Û n
dx
+An(cw,x)-r„=o (4)
3.3 Biodegradation and retardation terms
3.3.1 Microorganisms
Zysset et. al. (1994) studied the metabolic processes of microorganism in soil porous medium. 
The living biomass is mainly supported with organic carbon as a substrate. Therefore, the new 
cell production and the existing cells maintenance rate can be observed from the substrate 
utilization rate. Monod’s equation is applied to evaluate the substrate utilization rate. When the 
adhering microbes produce new cells, this new biomass will be flushed by water movement. 
These newly produced cells are considered as the solution of microorganisms, which can be
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retarded by adsorption process. On the other hand, when the adhering microbes died, these decay 
cells will be removed from soil pore by desorption process.
d(c{ ) f f r








where C™ is the concentration of limiting substrate in aqueous compartment, (N/L3), c [  is 
the concentration of adhering microbes, (M/L3), C£ is the microbial concentration in the 
aqueous phase, kM is the Monod’s constant, (L3/T*M), vy is the stochiometric coefficient, (M/N) 
and i] is an effectiveness of biofilm, kd is the decay constant rate, (1/T), kc and ks are the 
constant adsorption and desorption rate, respectively; (1/T) and nis the volume fraction of 
aqueous and biofilm in total volume (= porosity).The unit N is the number of microbes.
3.3.2 Nitrogen and organic carbon compounds
Widdowson et. al. (1988) proved the biodegradation of nitrogen and organic carbon compounds 
in soil, which combines the change of microorganisms, and inhibition effect. The total substrate 











l [ c g]KS0+C% Kq + Cq _k ao + c a _ _ k sn + cs _ Kn + C$ __KAo + Ca _
Total substrate 
utilization rate
Substrate utilization rate under 
aerobic respiration, (rso)
Substrate utilization rate under 
nitrate respiration, (rSN)
where p0 and pN are the maximum specific growth rate for aerobic and nitrifying bacteria, 
respectively (M/M*T); Y0 and YN are the heterotrophic yield coefficient for aerobic and nitrate 
respiration respectively, (M/M); C f , C #, Cq andCd are the concentration in aqueous of organic 
carbon, nitrate, oxygen and ammonia respectively, (M/L3); Kso and^:5A, are the substrate 
saturation constant for aerobic and nitrate respiration respectively (M/L3); and 
KN ,K0 andKA0are the nitrate, oxygen and ammonia nitrogen saturation constant respectively
(M/L3); and/[^Co J is the inhibition factor.





where M is biomass concentration per unit volume of porous media (M/L ). However, the 
concentration of biomass is not constant, and it may affect the efficiency of biodegradation. The 




dt ( YO rSO ~ko) + [ j N rSN - kN t\po  ])M (8)
where k0 and kN are the microbial decay coefficient for aerobic and nitrate respiration 
respectively (1/T).
3.3.3 Phosphorus compounds
Shah et. al. (1975) concluded that the main mechanism for phosphorus retardation is adsorption 
on soil surface. The equation is presented below:
Pb^ £ £ l  = Koa ^ - C f )  (9)
dt
where Cf> is the concentration o f adsorped phosphorus (M/M), K0a is the overall volumetric 
mass transfer coefficient, Cp* is the concentration of phosphorus in liquid phase that is in 
equilibrium with the phosphorus concentration in the solid phase, (M/M) and (Cp -  Cp*) is 
driving force for transfer phosphorus from liquid to solid phase. The best fit of phosphorus 
adsorption is Langmuir isotherm. This isotherm equation can provide the relationship between 
Cp* and Cp . The equation is presented below.
W
c; K Lb b
1 c i C W* p = K Lb c ;
k lc ;  + i (10)
where K L is the coefficient (Langmuir rate constant) and b is maximum phosphate 
adsorption capacity on soil. These coefficients should be determined by laboratory experiments.
4. SOLUTION TO THE MATHEMATICAL MODEL
The governing equation for the transport of microorganism, nitrogen, phosphorus and organic 
carbon compounds can be rewritten as:
Microorganisms:
- variably saturated soil condition
5[CW,] 8
— ~ +--
dt dz K ) - £
d e l
dz
n v y r jk ^ c l -  nkdCfb + 6wkcC% -  nksCfb 1 -  q \ c f  - = 0 ( 11)
- fully saturated soil condition:
dC£_ d_ 
dt dx ( V r i - * dx nvyTjkMC?c{ -  nkdc[ ] ~q [c^  -  QM'] = 0
( 12)
Nitrogen compounds 
- variably saturated soil condition:
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biodegradation and retardation coefficients will be obtained from the literature and as well as 
from laboratory experiments.
Figure 3 Schematic demonstration o f the solution methodology for the developed model 
5. CONCLUSION
Transport of septic tank pollutants in an on-site waste disposal system includes both unsaturated 
and saturated soil conditions. As such the problem is significantly complicated for theoretical 
analysis.
A conceptual model is developed that takes into account many processes including 
contaminant transport in soil with advection-dispersion. Only the dominating soil-contaminant 
reactions are considered to simplify the governing equations. All reaction rate equation for 
contaminants is obtained from the literature. The major mechanism for microorganism 
retardation is derived from the metabolic reaction rate. Migration of nitrogen and organic carbon 
compounds are reduced by biodegradation and relevant equations are derived from substrate
55
utilization rate. Also, the phosphorus compounds are retarded by adsorption reaction, and 
adsorption isotherm may be applied to explain the phosphate retardation rate.
The governing partial differential equations have a number of unknown variables and are 
complicated. Therefore a FEM technique is proposed to solve theses equations. The soil- 
contaminants coefficients will be determined both from laboratory experiments and from 
literature.
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